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Studies of Single InAs Quantum Dots
Photoluminescence

Student : Ming-Fu Tsai Advisor : Dr. Shen-Di Lin

Department of Electronics Engineering and Institute of Electronics
National Chiao Tung University

Abstract

We’ve integrate special epitaxial technique and simple post-epitaxial
process to measure the photoluminescence of single self-assemble InAs
quantum dots with a typical micro-photoluminescence(u-PL) setup. With
varying laser excitation power and comparing different single quantum
dots spectrum, we can identify different exciton complex luminescence,
and find out the different “spreading-out” of the electron and hole
wavefunctions. In comparison with strang confined quantum dots model,
we can get a matchable picture with-our experiment results.

In temperature dependent p-PL experiment, we found out that the exc-
iton complex luminescence energy show characteristic red shift related to
the shrinkage of the GaAs barrier band gap at the temperature between
4.3K and 70K. It reveals that the'mechanisms of exciton energy red shift
are dominant by the coupling of the barrier bulk phonon system, whereas
QD size seem to be minor important. In addition to exciton energy red
shift, we also observed linewidth broadening caused by exciton-phonon
interactions.

With linear polarized p-PL experiment, we have observed the electron
-hole exchange energy induced fine structures in exciton and biexciton
luminescence spectrum. For charged excitons, the luminescence fine stru-
ctures vanish due to additional carrier injection.

Finally, in time-resolved u-PL experiment, we observed the single qu-
antum dots cascade luminescence property, which support our analysis in
this work.
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z oo TG Gyl + = z B0 ARt Rk, — le,klc+h+hkC1 (2.9)
ijkl ijkl ijkl

s(e Tk ) eE T AP e

Cr(h), Ci(hy): 2+ ()i R F (R )P 2 2 8 5 3 o
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2-2-2 &G AP R A
d *t Hartree-Fock 1T 1272 | % 7 352337 W epn & o #-:%—f-? ﬁ;“-?

Bend 3 8%

—ay

A B iﬁ{gﬁ“—”ﬁ-%éﬁ?ﬁiﬁf%ﬁf&g’é%
WA T R S S R S L Sl o B AR R R

PP FRIrg EERGITY @ 4p3 25 F2t 0 J Hartree-Fock

T N R R E RNy AR e 2 AR AP
B ic (correlation energy)> ~ F] 5 £+ B igd Rigit* @ 4p 3 -

“T s F i R 1548 BE it (Coulomb correlation energy) o #% ¥ 12 i * %
87 e 2 ki3 ¢ HartreesFock :T ik AR B F Him > 2 @ # i ¥
o™ E 5 e 5 iR £ (configuration interaction)[38] - & v+ f
ZIIRGIEY 4 cn 5 NPT AT et R AR R
FEQRI IR GAPM v cdih AP F 0 fRE S B g AE

E it B AERI A P ITHIR I ABEGEY LG4
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Tkoe 3 A CHNEEIREFAFTTREF L FHRLT

Fo RV R TR AR B R AT R A 7 B R

Ko fe & Bk ey ken Nk R E 5 Bk AR AT
3-1 &~ £

AF B TR R (L 4F] (INAS)E F BEE BT AT A B S L

th &(Im4596) 5 t4e [BI3-1] #7771 » f= & chilgfe? - 5 L o it 4

(GaAs) A 1%(100)= = + L& K % 1000A i ek > p ha>t @ B &

i K TRt A r 4 ek fne g Bk £ 2 & 1000A

GaAs{s > I # ¥ 4| * Stranski-Krastanow =+ &% & = £ - & InAs(2.2 ML)

o

Ik

F e A ER R RSB E TR I RBRE B gk e ki

Ik

oot EInAsE S ZEPF > AP R ER SRS @ RS
[ F13-2) > & F4Fpo= & & 55 F B3RP + 4R (In effusion cell)
BITH A R PR A F o A £ i 51 0N G

St INASE F BLeNR R A F L € Fla 7 ’f»i{%ﬁtb%«?’i‘]i—?f‘!} %R

e
o
[EY
(@]
o
o
To
3
)
Q)
>
(V2]
o

Hronem 3 E R o 5k - K and F g2 {2
Koo is L idple g B iE it 2 £ - KInAs(22 ML) R F BL o 17 5 LRk

- 2 — s o,
EFEnd o A @ T o
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EEC = nas aps

GaAs 100nm

el —11A< aDs

GaAs 100nm

GaAs buffer layer 100nm

[ ®3-1]) # i 45 {InAs) & & 8Lk r‘%(lm4596).§%’}#}§]

heating block

holder

In effusion cell

(F13-2) €5 855 4 £/ 7 050 - J5d a4 6 8 (4]

BRI 23 AT AENEFBRARFHDHIFL -
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3-2 £z Kavima@l i

FEN{ B EREA AP ARSI WUER R iR
243 E o B R 400nm v dume 3 & WiEH G & A )
BIE > Rk > JRAY] 0 BT

R 3 (E-Gun) FE 4 2 Atk A w4 - B B R S 100nm
2. bk Rk EE

G P gk w (spincoating) = & PMMA § & + LR
SRR FFIF RS AR RR I E R NS R R ES T
PMMA > £ 53 &5 844 (MIBK) 222 o
3. B4 %] (wetetching) :

£ 121100°CH - & L g 4e 53 PMMA 053 & 18 > £ 12 BOE (buffer
oxide etcher)§ 4 %% > 1 RA %] 0™ 38 A4 B3 DK IHF O3

FILE o B SE p fr (ACE) -i“/f PMMA 8 ==+ &2 k3vie

#] (e fede [B3-3)] 17 o
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InAs QDs

GaAs 100nm

InAs QDs

E-Gun evaporation 100nm Al

Al opaque film
InAs QDs

GaAs 100nm
InAs QDs

PMMA coating & E-beam lithography

PMMA
Al opaque film
B0 ns ans
GaAs 100nm

M InAs QDs

BOE wet etching and ACE clean

Al aperture

InAs QDs
GaAs 100nm

InAs QDs



d AR Tk S BT BB A A PR Y T gl i
EHEHIVEZ T R PAXRMRBL P EFIHOBRAREALS T 2 {8

EHHMABRRORESE RYITZ F IS Flgt > AP B3 4 Bis
2y eEFEA I RE EFBRRRARMBOTE o
3-3 Gkl k2 REpR o B CRER R EKR
3-3-1 k¥ % k¥ F % (photoluminescence > PL)Z%E

B RFER AR FARR LY L AP L ES

BAR RS 2 o R R KXY [ W3-4)477 0 d & 4 3 44(488nm)
BoEERAT Be 2 BERFTHREELERS S B ET T S
BEARFIREFLE ORI F Y DEIR T ELEFTA Y T RR
g F R AP Y RS ERE P F Ny LR Lk
R K ERFRAGEL d KFRI TP PIE K
G Sk am R T SUELIE » R RIS T E R B A ki kR
KA R hi ¥ S

KE AT

1. T8tk @ & 3+ 5 8> AL E488nm > (¥ 5 g Lihig * o

2. ¢ {5k %5 (neutral optical density filter) : * MiEH F & o
Fo K RE R o

3. # 4 B(chopper) % 45 4p*x = E(lock-in amplifier) : # 4 £+ -
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LR Lgpgpia s BE L0 F - 2 5 Bl G sk
e e Bk R R R RS R EE I R R s
B~ AR B g BRI PR R 3 )
ELREI I g o

4, Sk ik (Triax-320):%* M:EB4F 3 £ ok > B 232204 »
k4 % B 5 1200g/mm o

5. 34 Jk(cryostat) ;¥ M-f & " I 10k o 3 4c L AR &0 S

{5 5148 & (radiative recombination) =48 5 > 3 B SR B F £ 3 5D

R o

PL system

Argon laser

N

Lock-in amplifier

Neutral density filter chopper ]
I— [
PD ]
cryostat
Triax320
monochromator
Lens Lens

[#13-4] s&jpcd % (PL)F & 7 K Wl
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3-3-2&F ik g F & (Micro-PL) sk 3% 9 2 %8 &

AR Y T EFRBRARKORLEIH L £ KSR
FEEHEE - BRI ERIACGE R R AR T G AT
FHE S BG F T o BIHCE o R kR % % ke [W13-5] #F

Thiro R i a8 e k4 (beam spliter o

=
=
ArS
e
N
&
ETIRN

BS.) ¥ &\ § A RE T FHEID RFRFTFIKSED
E b3 CCD & ff HAPT AT Y E P BRRFEH2 F s
P R AR LI 2R ARBF L8 s BFE; 2 £
RHPE R B A kAP A S L kR kA B Bk 100
B ENA=0S)F EF|LBEE & |85 2um =+ #F R LD

ERAATEPE A 2B NOF RS KFRA RS SI-CCD

1. 5%k : § % F 5 (He-Le laser) > L & 632.8nm > 1T 5 o3

2. ¢ {4k %5 (neutral optical density filter) : * M:iE#H F & o

o %R B -

3. 6 kkR P UG ICCD BERE AR LY o

/

4. % & (objective) :100%2 4~ 4% > BB /T 205 * B E T & o
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5. k¥ ik (SpectraPro 2750) : * Mg B3 d £ ek > EFE 575
oSk kR R A 5 1200g/mm

6. Si-CCD (SPEC-10:100) : = 7] % 1340 x 100 B % »
AUl 20X 20um o * B p kS B o

7. %A% % 34 J&(LHe cooling stage) :#-#k SR B "8 T 4.2K »

8. EALAIE P B RA L THESER

Micro-PL system

Long pass filter
Monochromator
LN2 cooled
CCD
Neutral density filter
N\
_I Ty D Power meter Monitor system
He-Ne Laser T ./

, T T T T T T T E T T

A |
BS. (% : | | Lamp !

I
AR :

Fi

B.S. (% i CcCD |
Temperature 1 I

I
controller Objective : :
: [
LHe cooling I ° Monitor |
Sample stage :' |

[ B13-5) & ek ¥ & (Micro-PL)F 5 %8 % Bl
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3-3-3 R fRT ALY LR T HREX

kg e e R B ¢ erpc B R T S PR RS B (pulse laser
diode) - F B A Ay £ ki hgF i m I XFRETEF LY X
£ 18 » 12 APD (avalanche photo diode) #-& — 1B #% ffe sk ek 2n 5E
AT RMEL > LBt T RAELIE T picosecond timing
discriminator (EG&G 9307) g ¥ F f2 » ¥ T _& 7 B Hl 5L ehF)]

F— e 1% e S chsyncliy - BRI ERT M OB
M ELEE constant fraction discriminator (EG&G 584):% T picosecond
time analyzer (EG&G 9308) & 1E5 R 2L B o -7 — =X 7% {fro 7 io i 7
4Pl R R L (T T R o e RS R R L)1 0 R YAt
o R AT AR Rk FHREKRA [B3-6] 17 o

BERAEE AT

1. 5 & kiR P%X T 5 (pulse laser diode) » 4 & % 655nm » 7% fiF
L %% 70ps o % % Hp G 20MHz e

2. APD(avalanche photodiode) (¥ tk &% ke ek 5L T 3k 5
TR

3. constant fraction discriminator (EG&G 584) {r picosecond

timing discriminator (EG&G 9307) :i& jjg & B Fe 3 I Fx T_& 7% (il 5o
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R RE 4=

4. picosecond timing discriminator (EG&G 9307) :§ - B * >

Yo NG _ 244 \ 2L

R Y

Laser head

any

Micro-PL
system

Mfrrk

O

Time-resolved
Micro-PL system

Pulse diode laser PC
PDL 800D
sync out -
|
EG&G 584 stop | EG&G 9308
constant-fraction » Pico-second

discriminator

Time anhalyser

APD

start

425A
Nanosecond delay

EG&G 9307

Acton SP2750
monochromator

[®3-6] PF i f24T g plc ¥ kL F s %
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AR RIE S R K BB EER L R R RT3
REFBHA GEAF OB 2 R R ek S K ehffar 0 Tt B2

- *u\

R IH 4-1] # A Rérls & hdis o R ZArF LB ROV RE 0 T

TR ER AT EFERDRAEAALS T AT ok G A RApR AP
Rt 2 il ERIHE R F RS e[ 4-2) uApe # 5 (F
SE R G 10 W/em?) i St B 5en7 e il 0 d F Rl

feapss v i RERATR T BB R RS0 & CAuny

KRG - X B R 85meV rfig F BEk g L H A 0 A i E b
% BB K (wetting layer) ¥ K H M A FREA AT HE I EBAA

Firdk e B RAT ARPRE o
Sd A AR R ERFNTREET R M S D
EIBRREAFHZF 25 > v d 10%ecm® % i 7] 10 /em? > & @
" (10%/ecm?)eh % & o [ B 4-1) ¥ E)f@r{?b”ﬁ BEHEES AL

K HET ] R
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e e e

In effusion cell

PL intensity (a.u.)

(a.u.)

PL intensi

[F]4-1] 7 F =% 08 F BB fodr s 5 R M % B

#
X quantum dots
-
// ¢
/ \ C part
] F -
0 - S~— ==
1 ] I L 1 ’ I ¥ I L I .
1000 1100 1200 1300 1400 1500
Energy (meV)
1500 m wetting layer
1 »~
1000 -
500
] j E part
0 !
1 J I % I d I % I * L] '
1000 1100 1200 1300 1400 1500
Energy (meV)

[F4-2] 7 & F 3% & fodd sk ey 6 kid
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PRI EE SR REFRFER AP IRE T EFHR

B B i chi 5 E
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FERIATENRRITETRAREEH
ok gy £ 2] - [F 4-3(a)b)] A Wl 5 S ENAL > d R
AREHCEATER DA G A REA) 0 M2 R R 8k B EEE S F G
10pw(# % % & 4§ % 300W/cm?) > £-410um X 10pmen g FHItic 8
RIBE Rk g e kifod QRF g &6 PEFHRRBHF 95
10%/cm? > @ & 3 8% 4 B % 8 1.5~2.5nm » & 5 20~30nm > d >+ 3
F R UFE R FlaAi s p L] A2 3 gk d (b)RlEFRT
7N AR & 1425meV & § B 15meV il iR A 5L o By -
LR R R e £ X0 /) 3 1300meV I] 1400meV 2 B etk AR 0 &
B3Rt 3 55 ¢ E Ik SAi2494R T 75~85ueV > @ ¥ AR

Beesa Ak ooode [B 4-4) #71 o o 33 am

Ik
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!
G
Ik
%

i
=k{
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SRR RS > VML R R L E S By A
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PL intensity (norm. intensity)

thick InAs "~ Lo b Rl T

thin InAs

< <

1320 1340 1360 1380 1400 1420 1

energy (meV)

[Bl4-4) S ENA P SEMIUFERAF S p o £442 kg
10pum X 10um3Y & sBF e 6 g % Sk 2§ o
LEREE (] %ﬂﬁﬂ’ﬂﬁﬁ?”ﬁﬁ R A4 S

Wk, 1 F 4T 5 500nm 02 KU SS A(EL) S 6 o[B8 4-5) T

SRS

R WAL S Bl 2l o o O
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AR S HEFEY DT F TR HOET)RE 78 N kM N
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1368.3meV ~ 1374.2meV 12 % 1380.6meV o o >t 34 I I P R
St e K ®a 3 oo 4o [B 4-7) 917 0 NPT R AR
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A5 et (exciton) o ErF Al F HUHT I AT HE R T8
#100nW (F Stipcs o 59 5 3W/cm?) B G £ o 1368.3meV ¢l

- A DS SLF R SR R R TS A TR G P e

A g N7 e e £ g Kodo e 500nw BF L L0 E 8 = A

PLFRAPHREL I EFEPNPFFIFEGET 4 Dok

PR R BT B BN RS L Sk Ao d 0 e 2 A ApE R
A pET F(RF) A E S SEE > T SEE Y B RAE
A BTFIoA BT o ?,‘f‘gtb TTTP\ N 87 e e+ 4F & 4~ (exciton
complex) » 4 [ B8] 4-8) #777 c "B H F T EFRFTF > 23 TF
P~ EFEBEP CSERERERTFE R WAEET 6 AT -

BT TRERP S APF TR 8 ho[B 4-8)° g (biexciton)
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3ﬂ§
e

negatively charged exciton (x°)

photon
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3

positively charged exciton(x*)

photon

©
s
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3¢
LS

biexciton (xx)

[Fl 48] S&A = i3 et if &4 & A2 § L aubfz
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Sl PG E T AR FEEFEFRT RS AL ¥ ke
R fed W d P 25 FAAEM G NPT 0 [ EH
P RGBT oA BT HEE S FRMOFY o BRE B S BER
PR G RIS KT B FI A T A g R
MEBT VN EF RPN MR FFHFESOPRF TR TR R A
BErEF 8 BRAAMPRERREN - T FRFHE > 2 F Zahip ¥
Pt At) TP =oAt PIGE- BEFt2 {5 2380 3 X
TRk FbO0)F 1 ¥ = 3 0 4 F (binomial distribution):* ¥

b(X ; n,P) = CRPR(1 — P)~ * nzi
ERERERF RS AtA N > 00 B o N A T RABIT I A A F

(Poisson distribution)
AXe A
X! TR
EIRRIR o) so S AIE N LN Je ﬁj@ii“:* PREM FL 7 EY R

b(X ; n,P) -

4 B g o0 s (Auger effect) » T 2 3 gL R R OF HHenT0E
ARLE VT ﬁ,ﬂ—ﬁq;;;fgfﬂ _3 P> ¥ % A=cPed 1 Fiaifv o> /;g;
R e B Y AR I S N GUEE I TN R

BR STk

I; o< cPe™P
(CP)Ze—CP
2 2
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X~ = EZ + Eh Jssd Jssd X + Jssd Jssd

X+ :£Z+£h ZJSSd+JSSd —X+{7ﬁi’d Jssd
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Il
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counts (a.u.)
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